The gastrointestinal hormone cholecystokinin (CCK) inhibits a subset of presympathetic neurons in the rostroventrolateral medulla (RVLM) that may be responsible for driving the sympathetic vasomotor outflow to the gastrointestinal circulation. We tested the hypothesis that the central neurocircuitry of this novel sympathoinhibitory reflex involves a relay in the caudal ventrolateral medullary (CVLM) depressor area. Blood pressure and greater splanchnic sympathetic nerve discharge (SSND) or lumbar sympathetic nerve discharge (LSND) were monitored in anesthetised, paralysed male Sprague-Dawley rats. The effects of phenylephrine (PE, 10 µg/kg i.v.; baroreflex activation), phenylbiguanide (PBG, 10 µg/kg i.v.; von Bezold-Jarisch reflex) and CCK (4 or 8 µg/kg, i.v.) on SSND or LSND, were tested before and after bilateral injection of 50-100 nl of the GABA A agonist muscimol (1.75 mM; n=6, SSND; n=7, LSND) or the excitatory amino acid antagonist kynurenate (55 mM; n=7, SSND) into the CVLM. PE and PBG elicited splanchnic and lumbar sympathoinhibitory responses that were abolished by bilateral muscimol or kynurenate injection into the CVLM. Similarly, the inhibitory effect of CCK on SSND was abolished following neuronal inhibition within the CVLM. In contrast, CCK-evoked lumbar sympathoexcitation was accentuated following bilateral CVLM inhibition. In control experiments (n=7), these agents were injected outside the CVLM and had no effect on splanchnic sympathoinhibitory responses to PE, PBG and CCK. In conclusion, neurons in the CVLM are necessary for the splanchnic but not lumbar sympathetic vasomotor reflex response to CCK. This strengthens the view that subpopulations of RVLM neurons supply sympathetic vasomotor outflow to specific vascular territories.
INTRODUCTION
It is widely accepted that presympathetic neurons in the rostral ventrolateral medulla (RVLM) play a pivotal role in cardiovascular regulation (3, 4, 17) and that reflex regulation of blood pressure is dependent on an inhibitory link in the caudal ventrolateral medulla (CVLM) (18, 24, 25) .
Many have speculated that RVLM neurons may be "hardwired" to provide tonic sympathetic drive to specific types of vascular beds, although solid evidence for this proposition has been elusive (4) . In support of this argument, we have recently demonstrated that a subset of neurons in the rostral ventrolateral medulla (RVLM) are sensitive to intravenous administration of the gastrointestinal hormone cholecystokinin (CCK) (15, 16, 21) and have proposed that this population of neurons may specifically supply the sympathetic vasomotor drive to the gastrointestinal circulation.
CCK exerts its inhibitory effects on a subset of barosensitive and spinallyprojecting RVLM neurons that are predominantly fast-firing and have fast-conducting spinal axons, via an action at CCK 1 receptors located on subdiaphragmatic vagal afferent fibers (16) . CCK-induced inhibition of RVLM presympathetic neurons is also dependent on activation of central NMDA receptors (21). Administration of secretagogues into the duodenum produces a selective inhibition of CCK-sensitive RVLM neurons as a consequence of the physiological release and likely paracrine action, of gastrointestinal hormones and peptides. (14) . Furthermore, systemic CCK administration differentially affects sympathetic vasomotor outflow; splanchnic sympathetic nerve discharge (SSND) is inhibited by CCK while lumbar sympathetic nerve discharge (LSND) is augmented (15) . Similarly, systemic CCK administration significantly increases mesenteric conductance but has little or no effect on iliac conductance (15) . These results strengthen the argument for a "viscerotopic" role of RVLM presympathetic neurons and suggest that CCK-sensitive RVLM neurons may play an important role in gastrointestinal circulatory control.
The baroreflex and the von Bezold-Jarisch reflex are believed to utilise a parallel if not identical trisynaptic medullary pathway that incorporates an inhibitory relay in the rostral tip of the CVLM (2, 9, 20) . It is plausible that the CCK-induced gastrointestinal circulatory reflex also utilises a similar trisynaptic pathway. Neurons in the NTS that respond to subdiaphragmatic vagal afferent stimulation form a separate pool of neurons that are distinguishable from NTS neurons responding to either baroreflex or chemoreceptor stimulation (12). NTS neurons that are responsive to sub-diaphragmatic vagal afferent stimulation may be identical to those responsible for the CCK-induced reflex inhibition of RVLM presympathetic vasomotor neurons following stimulation of CCK 1 receptors on subdiaphragmatic vagal afferents. Furthermore, these neurons may in turn, relay an excitatory signal to a particular subset of CVLM neurons which may be specific in their inhibition of CCK-sensitive RVLM neurons.
It was the purpose of this study to determine whether the sympathetic vasomotor gastrointestinal reflex mediating the splanchnic sympathoinhibitory effects of CCK utilises an inhibitory relay in the CVLM or alternately, a relay in the midline medulla which has previously been shown to modulate sympathetic vasomotor outflow (22). It was also of interest to determine whether the sympathoexcitatory effects of CCK on LSND were independent of the CVLM. In order to test these hypotheses, we examined the effects of interruption of neurotransmission in the CVLM using two approaches: (a) microinjection of the GABA A agonist muscimol for direct inhibition of CVLM neurons and (b), microinjection of the non-specific glutamate receptor antagonist kynurenate for blockade of excitatory synaptic transmission in the CVLM.
RVLM neuronal recording and microinjection of kynurenate and muscimol.
Glass microelectrodes (2 mm OD) filled with 2% Pontamine sky blue in 0.5M sodium acetate (impedance 5-10 M ) were used for extracellular recording of RVLM neurons. Action potentials were amplified (x1000) with an intracellular amplifier in bridge mode (Intra 767, World Precision Instruments, Sarasota, FL, U.S.A.), filtered (400 Hz to 4 kHz bandpass; Fintronics, Orange, CT, U.S.A.), counted via a window discriminator and monitored using an oscilloscope and audio amplifier. The procedures used for location, identification and extracellular single unit recording of RVLM neurons have been described previously (15, 16) .
Following the location of a barosensitive RVLM neuron, the recording electrode was replaced with a microinjector containing muscimol (1.75mM) or kynurenate (55mM): FluoSpheres (9:1). Microinjectors were made from glass micropipettes (20-30µm OD) attached to a 1 µl Hamilton syringe. For injection into CVLM, the microinjector was moved 1.6 mm caudal and 0.4 mm dorsal, relative to the location of the identified RVLM neuron. For control experiments, microinjections of muscimol (1.75mM; 50nl): FluoSpheres (9:1) were made into the midline medulla at the level of dorsal to RVLM site) or bilaterally at a more rostral location (1.4 mm caudal and 0.4 mm dorsal to RVLM).
The arterial blood pressure and sympathetic nerve responses to the von BezoldJarisch reflex (PBG; 10 µg/kg i.v.), the baroreflex (PE; 10 µg/kg i.v.) and the CCK reflex (CCK; 4 or 8 µg/kg, i.v.) were tested just prior to and directly subsequent to microinjection of muscimol (50-100nl) or kynurenate (50-100nl) into the CVLM. The doses of CCK, PBG and PE used in this study were submaximal, as determined from previous studies (15, 20, 23) .
Data analysis and statistics. Arterial blood pressure, heart rate, sympathetic nerve activity and extracellular unit potentials were recorded using a data acquisition system (Cambridge Electronic Design, Cambridge, UK) and Spike2 software. Sympathetic nerve discharge was analysed off-line, and was full-wave rectified and averaged over 1 s intervals. The 2 -adrenoceptor agonist clonidine (200 µg/kg, i.v.) was administered at the conclusion of each experiment in which sympathetic nerve discharge was recorded.
At this dose, clonidine produces a pronounced increase in arterial blood pressure accompanied by reflexly-mediated sympathoinhibition and a powerful central sympathoinhibitory effect (5) . The residual signal remaining after clonidine administration was regarded as noise and was systematically subtracted from the fullwave rectified signal to establish the zero level of nerve discharge in subsequent computer analyses. The level of resting sympathetic nerve discharge recorded at the beginning of the experiment was used as the 100% level of nerve discharge and was derived by averaging the signal over a 30 s period. Sympathetic nerve discharge was quantified as arbitrary "units" of activity, and calculated using the following formula:
(signal -zero level)/ (100% level-zero level)*100. Injection sites were mapped with reference to a standard rat brain atlas (13) .
RESULTS

Splanchnic SND responses to PE, PBG and CCK before and after bilateral muscimol
injection into the CVLM. In six rats, the effects of PE, PBG and CCK on SSND were assessed before and after bilateral muscimol microinjections (50 nl equivalent to 87. 42 + 8 mmHg pre-muscimol, 0 + 3 mmHg post-muscimol; P < 0.01), and that of CCK was reversed (-8 + 2 mmHg pre-muscimol; 3 + 2 mmHg post-muscimol; P < 0.05).
The CVLM injection sites for these experiments are depicted in Figure 1D .
Splanchnic SND responses to PE, PBG and CCK before and after bilateral kynurenate injection into the CVLM. In seven rats, the effects of PE, PBG and CCK on Following bilateral kynurenate microinjection, the hypotensive effect of PBG was abolished or occasionally reversed (-32 + 5 mmHg pre-kynurenate, 0 + 3 postkynurenate; P < 0.01), and that of CCK reversed (-8 + 2 mmHg pre-kynurenate; 3 + 2 mmHg post-kynurenate; P < 0.05). The CVLM injection sites for these experiments are depicted in Figure 2D . In two experiments (excluded from the group), the injection sites were more rostral, lateral (right hand side) and medial (left hand side), and had no effect on either baseline levels or on PE, PBG and CCK responses.
Lumbar SND responses to PE, PBG and CCK before and after bilateral muscimol injection into the CVLM. The effects of PE, PBG and CCK on SSND were assessed before and after bilateral muscimol microinjections (100 nl, equivalent to 175 pmol /side) into CVLM in 7 rats. As a result of bilateral muscimol microinjections, resting arterial pressure rose from 81 + 4 mmHg to 120 + 6 mmHg (P < 0.01) and resting Fig 3C) . The hypertensive response to PE was not significantly altered following bilateral muscimol microinjection into CVLM (35 + 2 mmHg pre-muscimol, 22 + 4 mmHg post-muscimol; P > 0.05). Maximal AP levels elicited by PE administration after bilateral muscimol microinjections were significantly greater that those before microinjection (P > 0.05). However, PE administration post-muscimol resulted in a sympathoexcitatory rather than lumbar sympathoinhibitory response. Following bilateral muscimol microinjection, the hypotensive effect of PBG was reversed (-43 + 5 mmHg pre muscimol, 5 + 3 post muscimol; P < 0.001), as was that of CCK (-10 + 2 mmHg pre muscimol; 7 + 2 mmHg post muscimol; P < 0.001). The CVLM injection sites for these experiments are depicted in Figure 3D . In one experiment (excluded from the group), the injection sites were more rostral and medial (left hand side), and had no effect on either baseline levels or on PE, PBG and CCK responses.
Splanchnic SND responses to PE, PBG and CCK before and after muscimol injection outside of the CVLM. In three rats, the effects of PE, PBG and CCK on SSND were assessed before and after bilateral muscimol microinjections (50 nl equivalent to 87. Figure 4D .
DISCUSSION
The present study demonstrates for the first time that the sympathoinhibitory reflex initiated by systemic administration of CCK acts via a pathway that is similar to that of the von Bezold-Jarisch reflex and the baroreflex. Importantly, it demonstrates the differential effects of CCK on splanchnic versus lumbar sympathetic vasomotor outflows, and highlights significant differences in the central circuitry involved in regulating these outflows.
As with the von Bezold-Jarisch reflex and the baroreflex ( Thus, putative gastrointestinal RVLM neurons that are inhibited by CCK receive a predominantly inhibitory input, whereas those that are activated receive an input that is predominantly excitatory. In support of this hypothesis, there is evidence for a direct excitatory projection from NTS to RVLM as reported for the sympathetic chemoreflex, which operates independently of the CVLM (7). Alternatively, direct excitatory inputs from supramedullary structures such as the PVN (1), may play a role.
A possible scenario is that CCK activates CCK 1 
